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Abstract. The main objective of the study presented in this
paper was to develop an evaluation scheme which is suit-
able for spatially explicit groundwater vulnerability assess-
ment according to the Water Framework Directive (WFD).
Study area was the Hase river catchment, an area of about
3000km2 in north-west Germany which is dominated by
livestock farming, in particular pig and poultry production.
For the Hase river catchment, the ﬁrst inventory of the WFD
led to the conclusion that 98% of the catchment area is “un-
clear/unlikely” to reach a good groundwater status due to dif-
fuse nitrogen emissions from agriculture.
The groundwater vulnerability assessment was embedded
in the PartizipA project (“Participative modelling, Actor and
Ecosystem Analysis in Regions with Intensive Agriculture”,
www.partizipa.net), within which a so-called actors’ plat-
form was established in the study area. The objective of
the participatory process was to investigate the effects of the
WFD on agriculture as well as to discuss groundwater pro-
tection measures which are suitable for an integration in the
programme of measures.
Thestudywasconductedaccordingtothevulnerabilityas-
sessment concept of the Intergovernmental Panel on Climate
Change, considering sensitivity, exposure and adaptive ca-
pacity. Sensitivity was computed using the DRASTIC index
of natural groundwater pollution potential. Exposure (for a
reference scenario) was computed using the STOFFBILANZ
nutrient model. Several regional studies were analysed to
evaluate the adaptive capacity. From these studies it was con-
cluded that the adaptive capacity in the Hase river catchment
is very low due to the economic importance of the agricul-
tural sector which will be signiﬁcantly affected by ground-
water protection measures. As a consequence, the adaptive
capacity was not considered any more in the vulnerability
assessment.
Correspondence to: K. Berkhoff
(Berkhoff@em.uni-frankfurt.de)
A groundwater vulnerability evaluation scheme is pre-
sented which enjoys the advantage that both exposure and
sensitivitycanbeoperationalizedinaspatiallyresolvedman-
ner (500×500m grid) by the two models mentioned above.
The evaluation scheme was applied in the Hase river catch-
ment. 21% of the catchment was classiﬁed as highly vulner-
able, another 73% as medium vulnerable. Only 6% of the
Hase river catchment has low vulnerability. Grid cells of the
high vulnerability class are considered as priority areas for
groundwater protection measures in the programme of mea-
sures of the WFD. Measures will be particularly effective in
the north-eastern part of the catchment where groundwater
vulnerability is mainly due to high nitrogen emissions.
1 Introduction
The Water Framework Directive (WFD) requires that all sur-
face waters and groundwater must reach good status by the
year 2015. In 2004, a preliminary inventory of the present
status of surface waters and groundwater was drawn up for
the Article 5 report. The Article 5 report, delivered to the
European Commission in 2005 by the Federal Ministry for
the Environment, Nature Conservation and Nuclear Safety
(BMU, 2005), is a ﬁrst inventory of the status of surface and
groundwater bodies in each river basin district. By the year
2006, the next step of WFD implementation was completed:
the establishment of a monitoring programme. Subsequently,
a programme of measures will have to be implemented by
the year 2009. According to the WFD, not only environ-
mental aspects but also socio-economic impacts of measures
need to be considered. The ﬁndings of the WFD implemen-
tation steps described above will be included in the River
Basin Management Plan (RBMP). The RBMP is required
under Article 13 of the WFD by the year 2009 for the ﬁrst
time, and has to be reviewed every six years. In addition, the
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Fig. 1. Overview map of the Hase river catchment.
WFD requires under Article 14 public information and con-
sultation throughout the implementation process. The pro-
gramme of measures of the WFD currently is under devel-
opment; it requires to identify areas at risk more speciﬁcally
than in the Article 5 report. In the Article 5 report, whole
sub-catchments of the study area were assigned the rating
“unlikely to reach a good groundwater status”; there was no
spatial differentiation within them. Thus, the main objective
of the study was to develop an evaluation scheme which is
suitable for spatially explicit groundwater vulnerability as-
sessment according to the WFD. Furthermore, by model ap-
plication in the project’s participatory process, the demand
of the WFD for stakeholder integration should be met.
Study area is the Hase river catchment in Northern Ger-
many, which is a sub-catchment of the river Ems and cov-
ers an area of 3112km2 (Fig. 1). Around 1100000 people
live in the ﬁve administrative districts covered by the catch-
ment, resulting in a mean population density of 135 inhab-
itants per square kilometre (NLS, 2001). Agriculture is the
most important economic sector, nearly 50% of the persons
employed work directly in the agricultural sector (3%) or in
markets related to agriculture (46%) (NLS, 2003b). 81% of
the catchment area is utilised as ﬁeld and grassland. Agricul-
ture in the catchment is dominated by livestock farming, in
particular pig and poultry production. Mean animal numbers
per farm are 628pigs and 20795chickens (NLS, 2003a). In
contrast, meanfarmareaislow, only5%ofthefarmsmanage
more than 100hectares (NLS, 2003b).
The county district of Vechta, most parts of which are lo-
cated in the study area, has the highest chicken density of the
world; 13million chickens are kept there (Blasberg, 2006).
Furthermore, parts of the study area have the highest pig
density in Germany (NLS, 2003a; Statistical Ofﬁces of the
L¨ ander and the Federal Statistical Ofﬁce, 2006). The mean
value of livestock density in the region is 2.1 livestock units
per hectare, which is signiﬁcantly higher than the German
average of 0.9 livestock units per hectare. The maximum
valueinthestudyareais3.9livestockunitsperhectare(NLS,
2003a). Nitrogen emissions from intensive livestock farm-
ing have been a major point of discussion in the region for
manyyears, bothinresearch(Gerlach, 1990; Forschungszen-
trum J¨ ulich, 1991; Raderschall, 1995; Berlekamp et al.,
2000; Klohn et al., 2001; Klohn et al., 2003) and among the
public (Streck et al., 2001; K¨ uster, 2005; Busse, 2006; Ro-
hwetter, 2006b; Rohwetter, 2006a). For the study area, the
Article 5 report led to the conclusion that 98% of the catch-
ment area is “unclear/unlikely” to reach a good groundwa-
ter status due to diffuse nitrogen emissions from agriculture
(NLWKN, 2005). The main source of agricultural nitrogen
emissions is organic nitrogen from livestock. Groundwater
pollution is a particular severe problem due to long residence
times of groundwater prevalent in many regions. The im-
provement of its quality is a process that can take up to sev-
eral decades. Berding et al. (1999) calculated for the study
area that the reduction of the nitrate concentration in ground-
water from a mean value of 60mg/l to a value of 25mg/l
Hydrol. Earth Syst. Sci., 12, 111–122, 2008 www.hydrol-earth-syst-sci.net/12/111/2008/K. Berkhoff: Groundwater assessment in the water framework directive 113
will take almost 50years, assuming a reduced nitrate input
of 10mg/l per year. In addition, at least in Lower Saxony
where the study area is located, groundwater is a main source
of drinking water. Thus, a good groundwater status is a value
of high priority in the region.
The paper proceeds as follows. In Sect. 2, the Par-
tizipA project is described. In Sect. 3, the methodolog-
ical approach of vulnerability assessment is outlined. Its
Sect. 3.2 contains the groundwater vulnerability evaluation
scheme, while in Sect. 3.3 the applied models (DRASTIC
and STOFFBILANZ) are described. Sect. 3.4 includes the
model results. Adaptive capacity is integrated in Sect. 3.5.
The overall groundwater vulnerability in the study area is
presented in Sect. 3.6. Finally, Sect. 4 is dedicated to model
application in the participatory process. Conclusions on both
model application in the participatory process and the vul-
nerability assessment are drawn in Sect. 5.
2 The PartizipA project
The modelling task was embedded in the PartizipA project
(“Participative modelling, Actor and Ecosystem Analysis
in Regions with Intensive Agriculture”, www.partizipa.net),
within which a so-called actors’ platform was established in
the study area. The objective of the participatory process was
to investigate the effects of the WFD on agriculture in the ad-
ministrative area of Osnabr¨ uck, located in the boundaries of
the Hase river catchment. Further, groundwater protection
measures were discussed which are suitable for an integra-
tion in the programme of measures. Model application in
the participatory process was intended to serve the following
purposes:
– integration of stakeholder knowledge into the
STOFFBILANZ model, e.g. characteristic attributes of
the agriculture in the study area,
– providing a common knowledge base for discussion on
nutrient emissions in the study area.
The actors’ platform consisted of 14 stakeholders each rep-
resenting an institution from one of the following sectors:
water management, agriculture, administration, forestry, na-
ture conservation. The Agricultural Chamber of Lower Sax-
ony acted as partner with practical experience in the Par-
tizipA project. A total of seven stakeholder meetings took
place in the time period from September 2004 to March
2006. Each of the meetings lasted three to four hours.
During the ﬁrst meetings, there was an introduction to the
WFD, including a presentation of the results of the ﬁrst in-
ventory for the Hase river catchment (Fig. 2). The next
step involved a discussion of the stakeholders’ cognitive
maps concerning nitrogen load. This was followed by a
discussion on measures, focusing on the topics of agricul-
ture and consumer behaviour. Meetings 5 and 6 were ded-
icated to the STOFFBILANZ model. The actors’ platform
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Figure 2. Model application in the actors’ platform. 
 
 
Fig. 2. Model application in the actors’ platform.
was closed in March 2006 with the completion of the ﬁ-
naldocument(http://www.partizipa.uni-osnabrueck.de/docs/
Schlussdokument20ﬁnal web.pdf (in German)) in the sev-
enth meeting, edited by both the research team and the stake-
holders.
3 Vulnerability assessment approach
3.1 Theoretical background of vulnerability assessment
According to the WFD, not only environmental aspects but
also socio-economic impacts of measures need to be consid-
ered in the programme of measures. Thus, the programme of
measures describes the ability of a region to mitigate ground-
water pollution taking into account these aspects. In order to
be able to integrate not only ecology into the vulnerability
assessment but also the human dimension, the deﬁnition
of vulnerability of the Intergovernmental Panel on Climate
Change (IPCC, 2001) was chosen for the study. Vulnerabil-
ity here is deﬁned as a function of
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Table 1. Evaluation scheme for groundwater vulnerability assessment (Berkhoff, 2007). (Numbers in brackets: Original threshold values
from the evaluation scheme of Lower Saxony).
Groundwater vulnerability N load in seepage water Total runoff DRASTIC index N concentration
[kgN/(ha*yr)] [mm/yr] in seepage water [mgN/l]
high
>90 (20–40) >159
>159 >33 (9)
>90 (20–40) >33 (9)
> 10 < 150 > 119
low (DRASTIC-Index <120) < 10 < 120
< 120 < 9
< 10 < 9
< 20 < 250 < 120
< 30 ≥250−350 < 120
< 40 > 350 < 120
– exposure
– sensitivity and
– adaptive capacity
The IPCC approach relates to vulnerability due to changes in
climate, but it is extended in this study also to other changes
of natural conditions. Metzger (2005) proceeds in a similar
manner. Exposure means a system’s degree of exposure to
external impacts (IPCC, 2001). In the case of the study pre-
sented in this paper, exposure is the nitrogen load caused by
land use. It is computed using the STOFFBILANZ nutrient
model (Gebel et al., 2005). To use this method, a reference
scenario was characterised which represents the current state
of agricultural practice in the study area (Berkhoff, 2006).
The output parameters of the STOFFBILANZ model are ni-
trogen load [kg/(ha*yr)] and nitrogen concentration [mg/l]
in the seepage water and nitrogen load [kg/(ha*yr)] in the re-
ceiving stream. Sensitivity is the degree to which a system
responds to external impacts. It is described here by the nat-
ural groundwater pollution potential, which can be estimated
by the DRASTIC index (Aller et al., 1987). The DRASTIC
index is based on seven parameters: depth to water, ground-
water recharge, aquifer media, soil media, topography, inﬂu-
ence of the vadose zone media and conductivity. Therefore,
the DRASTIC index provides a method to describe the in-
trinsic characteristics of a groundwater body. Applying the
DRASTIC index results in an index of groundwater pollu-
tion potential ranging from 23 (very low pollution potential)
to 230 (very high pollution potential). Adaptive capacity is
deﬁned as “the degree to which adjustments in practices, pro-
cesses, or structures can moderate or offset the potential for
damage or take advantage of opportunities created by a given
change in climate” (IPCC, 2001). As mentioned above, the
programme of measures of the WFD gives information on
the ability of a region to mitigate groundwater pollution by
conducting measures and thus can be referred to as the adap-
tive capacity of a region.
The demands of the WFD and those of the chosen theoret-
ical approach (IPCC) result in the proposal of a three steps
approach for the implementation of the programme of mea-
sures:
1. spatially explicit assessment of the current groundwater
status on catchment level
2. in-depth analysis of the current groundwater status in
priority areas as identiﬁed in step 1
3. joint evaluation of the ecological and socio-economic
consequences of the measures on farm level
Step 1 is supported by the vulnerability assessment approach
presented in Sect. 3.2. Steps 2 and 3 are not an integral part
of the study, but are necessary to ﬁnally come up with a pro-
grammeofmeasures. Thestepwiseapproachisanalternative
to the existing approach of using one complex coupled model
system, which has been applied in Lower Saxony in sev-
eral projects. There, an agricultural sector model (RAUMIS)
(Henrichsmeyer et al., 1996), a runoff model (GROWA)
(Kunkel et al., 2002) and a model of groundwater residence
times (WEKU) (Kunkel et al., 1997) are combined to evalu-
ate measures based on ecological and socio-economic crite-
ria. Projects that use this model system in Lower Saxony are
e.g. REGFLUD (G¨ omann et al., 2005) and AGRUM Weser
(Henneberg et al., 2007). This well proven approach per-
fectly meets the requirements of the WFD if there are enough
data and resources available for applying the model system
in the area under study. On the other hand, the stepwise ap-
proach is advantageous in that it allows for concentrating
resource-intensive tasks on the areas at risk. The regional
model requires only input data which are generally available
for larger areas. Local models requiring detailed input data
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then only need to be applied in areas classiﬁed as highly vul-
nerable before. With respect to stakeholder participation as
demanded in article 14 of the WFD, the three steps approach
ismoresuitablethanthecomplexmodelsystem. Itisdifﬁcult
to apply very complex models in participatory processes be-
cause stakeholders usually are not experienced in modelling
and would not be able to understand them (Borowski et al.,
2007). The same is true for models operating on regional
scale because their working scale differs from the local per-
ception of the stakeholders. The three steps approach allows
for stakeholder participation in step 2 and 3. Despite the fact
that the regional scale is not optimal to involve stakeholders,
stakeholder participation in the PartizipA project took place
as soon as step 1 of the three steps approach and is described
in Sect. 4.
3.2 The groundwater vulnerability evaluation scheme
The evaluation scheme presented here is designed to deliver
spatially explicit results of the current status of groundwa-
ter. It is clearly focused on an assessment of whole catch-
ments. The approach is model-based and uses only data
which are generally available for larger areas. Both the
STOFFBILANZ model and the DRASTIC index were cal-
culated on a 500×500m grid. The vulnerability assessment
approach chosen for the study enjoys the advantage that both
exposure and sensitivity can be operationalized in a spatially
resolved manner by the two models. Each grid cell of the
catchment is assigned a certain value of exposure (nitro-
gen load) and sensitivity (DRASTIC index). The scheme
for the evaluation of groundwater vulnerability is based on
the Lower Saxony approach of groundwater assessment used
in the WFD (NLWKN, 2005, Appendix 1, Sect. 1.2.3.1).
The advanced groundwater vulnerability evaluation scheme
is shown in Table 1 and consists of four columns:
– nitrogen load in seepage water [kg N/(ha*yr)]
– total runoff [mm/yr]
– DRASTIC-Index
– nitrogen concentration in seepage water [mg N/l]
Nitrogen load and nitrogen concentration are both computed
using the STOFFBILANZ model for the reference scenario.
Furthermore, total runoff is calculated in the water bal-
ance module of the STOFFBILANZ model. The evaluation
scheme distinguishes between two classes: “high vulnerabil-
ity”’ and “low vulnerability”. Grid cells that are not assigned
to one of these classes are grouped in the class “medium vul-
nerability”. For the nitrogen load in seepage water, a thresh-
old value of 90kg/(ha*yr) was deﬁned for the high vulnera-
bility class, which reﬂects the high level of pollution in the
study area. In order to be able to identify priority areas in a
region, the threshold value had to be increased due to high
emission levels in the study area. The threshold value of
90kg/(ha*yr) is also included in the German fertilizer reg-
ulation. A threshold of 10mgN/(ha*yr) has only been de-
ﬁned for grid cells with a very low total runoff of below
150mm/yr. For the low vulnerability class, threshold values
of 10 to 40kgN/(ha*yr), depending on the total runoff, were
taken from the Lower Saxony approach. Referring to Aller et
al. (1987), three groups were established for the DRASTIC
index:
– low groundwater pollution potential (<120)
– medium groundwater pollution potential (120–159)
– high groundwater pollution potential (>159)
Grid cells can only be assigned to the low vulnerability group
if their DRASTIC index is below 120. There are two thresh-
old values for the nitrogen concentration. 33mgN/l corre-
sponds to 150mgnitrate/l; as in the case of nitrogen loads, it
was necessary to choose this high threshold value to identify
priority areas. 9 mg N/l corresponds to 40mgnitrate/l and
was taken from the evaluation scheme used in Lower Saxony.
Threshold values of nitrogen load and nitrogen concentration
needed to be increased in comparison to the threshold values
of the Lower Saxony approach (cf. Table 1). This was due to
the high level of exposure in the study area. But in general,
the values of the Lower Saxony approach serve as reference
values deﬁning nitrogen values of high risk.
3.3 Description of applied models
3.3.1 DRASTIC
DRASTIC is a well established method used in many regions
of the world (Al-Adamat et al., 2003). It is often applied in
the United States (e.g. Rupert, 2001) and Canada, but also
in Europe (Stigter et al., 2006), Australia (Piscopo, 2001),
New Zealand (McLay et al., 2001), South Korea (Kim et al.,
1999), South Africa (Lynch et al., 1997) and Jordan (Al-
Adamat et al., 2003; El-Naqa, 2004). It was already ap-
plied in the study area of the Hase river catchment before
(Berlekamp et al., 2000). The model was chosen because it
is the most proven model available for calculating groundwa-
ter pollution potential on regional scale. Further, the DRAS-
TIC input data are generally available. The DRASTIC model
consists of
– ranges
– ratings (1–10)
– weights (1–5)
Determination of the DRASTIC index number is done by
multiplying each parameter rating by its weight and adding
together the resulting values. The higher the calculated sum
values the greater is the according groundwater pollution po-
tential. Each parameter is rated on a scale from 1 to 10, a
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rating of 10 indicating a high pollution potential of the pa-
rameter for the study area. In the next step, the parameters
are weighted (numbers in brackets below) to express their
relative importance with respect to each other:
– D: depth to water (5)
– R: groundwater recharge (4)
– A: aquifer media (3)
– S: soil media (2)
– T: topography (1)
– I: inﬂuence of the vadose zone media (5)
– C: conductivity (3) (El-Naqa, 2004)
As can be seen from the enumeration above the ﬁrst letters
of the DRASTIC parameters form the acronym DRASTIC.
Finally, the DRASTIC index number can be calculated as
follows:
DRASTIC index=DRDW+RRRW+ARAW+
SRSW+TRTW+IRIW+CRCW (1)
where R=rating and W=weight.
The weights were constituted in a Delphi approach. They
form the framework of the DRASTIC index, hence, they are
ﬁxed and may not be changed (Aller et al., 1987).
3.3.2 STOFFBILANZ
The STOFFBILANZ model (Gebel et al., 2004; Gebel
et al., 2005) is based on an Access database. It com-
putes nutrient emissions from agriculture on catchment
scale. It was developed for the application on the
mesoscale (up to approximately 2500km2), in particu-
lar to support the implementation of the WFD. A model
comparison done by Kunst et al. (2003) showed that
STOFFBILANZ is more suitable for the implementa-
tion of the WFD than the other models of the study
(i.e. MOBINEG,www2.hydrotec.de/vertrieb/mobineg/),
MODIFFUS (Schmid et al., 2000) and MONERIS (Behrendt
et al., 2002). This is only true for the nitrogen part of the
STOFFBILANZ model, the phosphorus part was not con-
sidered to be suitable for the implementation of the WFD. In
the study presented in the paper, only the nitrogen module of
the STOFFBILANZ model was used, phosphorus emissions
were not calculated. The STOFFBILANZ model consists of
several modules:
– general data storage
– data storage nitrogen balance
– water balance
– soil erosion
– phosphorus balance
– nitrogen balance
Model outputs are nitrogen emissions from diffuse sources
separated into the runoff paths surface runoff, interﬂow,
drainage runoff, and baseﬂow. Furthermore, the model cal-
culates nitrogen concentrations in the seepage water and ni-
trogenimmissionsinthereceivingstream. Boththedatastor-
ages require the following main input data:
– land use
– groundwater bearing aquifer
– soil texture, soil type
– climate (precipitation, number of rainy days, evapotran-
spiration, temperature)
– crop area, crop type
– organic and mineral fertilizer
– yield
– atmospheric deposition
Data generation for the STOFFBILANZ model was com-
pletely done in ArcGIS. The most important work steps
were the reclassiﬁcation of data according to the model re-
quirements and their transformation to the 500×500m grid
which was selected as reference grid for the study. Grid data
were exported to the Access database of the STOFFBILANZ
model and were re-imported then to ArcGIS for a visualiza-
tion of the model results after the model run. Data exchange
was performed by assigning a unique ID number to each of
the 12476grid cells in the study area which could be iden-
tiﬁed in both the GIS and the model data table. In the ﬁrst
step, the water balance is calculated in the STOFFBILANZ
model, taking into account the following runoff pathways:
surface runoff, drainage runoff, interﬂow, and baseﬂow. In-
terﬂow and baseﬂow are considered as seepage water the
amount of which is determined on the basis of the relations
given by Wessolek and Trinks (2002) for the different land
use types. Baseﬂow is calculated from runoff ratio depend-
ing on soil type, slope and exposition. Surface runoff is com-
puted according to the Curve Number method (US Soil Con-
servation Service, 1972). Drainage runoff is estimated from
soil type, assuming that 50% of precipitation in winter and
10% of precipitation in summer runs off via the drainage
system. Sensitivity analysis gave evidence that yield param-
eters and fertilization are the most important input data to be
determined. Stakeholder knowledge of regional yields and
fertilization has been considered in the modelling process
(cf. Sect. 4.1). The amount of organic fertilizer is usually
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calculated from animal density using public statistical infor-
mation (NLS, 2003b). STOFFBILANZ provides an interest-
ing possibility to overcome the lack of data concerning min-
eral fertilizer application by assigning a total fertilizer need
to each crop which ﬁrst is satisﬁed by the available organic
fertilizer. The lacking amount of fertilizer then is ﬁlled up
with mineral fertilizer. It is obvious that the determining
parameter is the total fertilizer need. In the study, it is (in
terms of a best case scenario) assumed that the total fertil-
izer amount in the region is determined by the good farming
practice. Data for nitrogen fertilizer needs of crops according
to the good farming practice were provided by the Agricul-
tural Chamber of Lower Saxony (LWK) (LWK, 2003). Un-
certainties related to the use of organic fertilizer are taken
into account by considering manure storage and application
losses. STOFFBILANZ gives the possibility to deﬁne a dis-
crepancy factor which increases the amount of mineral fer-
tilizer subject to the real farming practice. This discrepancy
factor has been deﬁned by balancing stakeholder judgements
against expert judgements and was identiﬁed as low for the
investigation area. Another issue has been considered dur-
ing modelling the current land use: since 2006, the German
fertilizer ordinance (D¨ uV, 2006), which implements the Eu-
ropean Nitrates Directive, restricts the amount of organic fer-
tilizer applied to ﬁeld and grassland.
3.4 Model results
DRASTIC values in the study area range from 68 to 183
(Fig. 3). Nearly one third of the study area shows DRAS-
TIC values above 160, indicating a high groundwater pol-
lution potential. These grid cells can be found in the low-
land area in the centre of the study area, along the river
Hase and also along the tributaries of the river. These ar-
eas are dominated by very permeable sand and gravel. The
southern part of the study area, formed by a bedrock aquifer,
has a lower groundwater pollution potential. As a result
from the STOFFBILANZ model, nitrogen emissions in seep-
age water ranging from 0 to 147kgN/(ha*yr) for the ref-
erence scenario were calculated (Fig. 4). Mean values of
the different land use classes are: 81kgN/(ha*yr) (ﬁeld),
32kgN/(ha*yr) (grassland), 26kgN/(ha*yr) (coniferous for-
est), 18kgN/(ha*yr) (deciduous forest), and 7kgN/(ha*yr)
(settlement, devastation). Nitrogen concentrations in seep-
age water range from 0 to 184mgN/l. Mean values per
land use class were highest in the ﬁeld land use class
(29mgN/l). Grassland has a mean value of 19mgN/l, conif-
erous forest 13mgN/l, deciduous forest 7mgN/l, settlement
4mgN/l and devastation 2mgN/l. Mean concentrations in
seepage water cannot be compared directly to groundwater
concentrations, but the threshold value of 50mg nitrate per
litre in groundwater (equivalent to 11mg nitrogen per litre)
as given in the Groundwater Daughter Directive (Ground-
water Directive, 2007) can serve as loose reference point.
It becomes obvious that it is difﬁcult to meet the threshold
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Fig. 3. DRASTIC index in the Hase river catchment.
value of 11mg nitrogen per litre in case of agricultural land
use. The STOFFBILANZ results were validated against wa-
ter quality measurements on river gauging stations. Thus,
the STOFFBILANZ output parameter “nitrogen immissions
in the receiving stream” was used for comparison, because
it considers denitriﬁcation processes and retention within the
receiving stream. Six river gauging stations with attached
catchment areas of 209 to 2974km2 were compared to mod-
elled nitrogen loads resulting in a high model efﬁciency
(Nash et al., 1970) of 0.95.
3.5 Adaptive capacity
The third parameter of the groundwater vulnerability as-
sessment (besides sensitivity (Sect. 3.3.1) and exposure
(Sect. 3.3.2)) is the adaptive capacity of the region. Unlike
exposure and sensitivity, adaptive capacity cannot be iden-
tiﬁed within the groundwater evaluation scheme. To reca-
pitulate, the programme of measures of the WFD gives in-
formation on the ability of a region to mitigate groundwa-
ter pollution by conducting measures and thus can be re-
ferred to as the adaptive capacity of a region. In the WFD,
environmental and socio-economic aspects should be con-
sidered for the programme of measures. Generally, for a
joint evaluation of the ecological and socio-economic conse-
quences of the measures, farm level is the appropriate scale.
On this scale, the measures have to be implemented. How-
ever, a ﬁrst evaluation of the economic consequences can
also be done on regional level. There are several ways of
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Fig. 4. Nitrogen load in the Hase river catchment as computed by
the STOFFBILANZ model.
doing this evaluation. In the participatory process of the Par-
tizipA project, measures were selected based on the criteria
costs, acceptance, controllability and side effects. Ecolog-
ical efﬁciency of the measures on regional scale was then
computed by the STOFFBILANZ model (Sect. 4.2). On the
other hand, in the REGFLUD project (G¨ omann et al., 2005)
the RAUMIS model (Henrichsmeyer et al., 1996) was used
to evaluate socio-economic impacts of groundwater protec-
tion measures on regional level in the Ems river catchment.
RAUMIS is an agro-economic model which describes the
whole of the German agricultural sector on the level of the
German “Landkreise”. It is designed for policy impact anal-
ysis of changes in agricultural practice which are introduced
e.g. by the programme of measures of the WFD. RAUMIS
follows the approach of proﬁt maximisation of the agricul-
tural production under the given constraints. Besides of the
policy impact analysis RAUMIS also calculates a nitrogen
balance following to the guidelines of the Paris Convention
for the Prevention of Marine Pollution (PARCOM, 1995). A
local assessment of groundwater protection measures is cur-
rently done in the WAgriCO (www.wagrico.de) project on
“model farms” in three pilot study areas in Lower Saxony,
one of which is located in the Hase river catchment. Both the
regional studies mentioned, the own evaluation in the Par-
tizipA project and the results from the REGFLUD project,
indicatealowadaptivecapacityoftheregionunderstudydue
to the socio-economic importance of the large animal hus-
bandry farms. G¨ omann et al. (2004) give an example of the
socio-economic effects of a measure aiming at the limitation
of livestock density in the Ems river catchment. They found
out that this measure would cause several thousand job losses
and therefore is not feasible. Groundwater protection mea-
sures vary widely in economic and ecologic efﬁciency. Here,
local studies are necessary to evaluate the effects of measures
on the individual production process of farms. From the WA-
griCO study, results are expected that identify the feasibility
of measures on local scale in order to deﬁnitely determine
the adaptive capacity of the region.
From the studies described above it was concluded that
the adaptive capacity in the Hase river catchment is very low.
Thisismainlyduetotheeconomicimportanceoftheagricul-
tural sector which will be signiﬁcantly affected by ground-
water protection measures. Thus, the adaptive capacity was
not considered any more in the vulnerability assessment. In
case of regions with high adaptive capacity, it can be inte-
grated into the groundwater vulnerability evaluation scheme
in the following way: the STOFFBILANZ model is run for
an “adaptation” scenario instead for the reference scenario.
However, this is only possible if the adaptive capacity can be
described within the model.
3.6 Groundwater vulnerability in the study area
Both the results of the DRASTIC model and the results of
the STOFFBILANZ model were used to compute ground-
water vulnerability according to Table 1. 21% of the catch-
ment was classiﬁed as highly vulnerable. The areas of high
vulnerability are concentrated in the north-eastern part of the
catchment area, due to high nitrogen loads and high levels
of nitrogen concentration in the seepage water there. Fig-
ure 5 shows the result of applying the evaluation scheme
in the study area. In addition to the high pressure coming
from exposure, the sensitivity of several municipalities in the
north-eastern part of the study area is also rather high. In this
region, the DRASTIC index reaches up to 158. Grid cells in
the north which are assigned a low vulnerability are, without
exception, those of the land use classes grassland, forest or
settlement. Grid cells of the land use class ﬁeld in this part
of the catchment are mainly assigned to the high vulnerabil-
ity class. In the north-western part of the study area, clusters
of highly vulnerable grid cells can also be found. The high
vulnerability in this part of the region, however, is caused by
high DRASTIC indices of around 170 and only slightly in-
creased levels of nitrogen load just above the threshold value
of 90kg/(ha*yr). In general, the northern part of the study
area, which is characterised by unconsolidated sediments, is
more vulnerable than the bedrock aquifer in the south of the
study area. This is mainly due to the more intensive structure
of agriculture there. Most of the grid cells in the low vul-
nerability class are located in the southern bedrock aquifer
area. These are generally characterised by low DRASTIC
indices of below 100 and low levels of nitrogen load and con-
centration. Only single grid cells in the south near the river
Hydrol. Earth Syst. Sci., 12, 111–122, 2008 www.hydrol-earth-syst-sci.net/12/111/2008/K. Berkhoff: Groundwater assessment in the water framework directive 119
Hase are assigned to the high vulnerability class because of
high DRASTIC indices existing at some sites there. In the
bedrock aquifer area it has to be recognised that, due to the
heterogeneous structure of the aquifer media and the poten-
tial occurrence of fractures, single hot spots of vulnerability
are possible which are not grasped by the evaluation scheme.
It can be taken from Fig. 5 that most of the catchment (73%)
belongs to the medium vulnerability class.
4 Model application in the participatory process
To recapitulate, model application in the participatory pro-
cess had the following purposes:
– integration of stakeholder knowledge into the
STOFFBILANZ model, e.g. characteristic attributes of
the agriculture in the study area,
– providing a common knowledge base for discussion on
nutrient emissions in the study area
In the following sections, it is described if the objectives of
model application were met.
4.1 Integration of stakeholder knowledge into the
STOFFBILANZ model
In meeting 5 the stakeholders were given an introduction to
the model. The required input data and their data sources
were presented as well as the model’s calculation modules
and basic model equations. Further, a ﬁrst model result was
presented to the stakeholders. The model was run assum-
ing that good agricultural practice is followed by the farm-
ers in the region. This reference scenario was based on val-
ues provided by the fertilizer consulting department of the
Agricultural Chamber of Lower Saxony for every ﬁeld crop’s
yield, and mineral and organic fertilization. The standard
values represent a fertilization practice according to “good
agricultural practice”. The reference scenario served as a
starting point for the ensuing discussion of measures. From
their knowledge of the agricultural practice in the region, the
stakeholders made several suggestions for improving the cal-
culation of the reference scenario:
– increasing the standard values of yield (and thus, also
fertilizer) by 10%, due to a high level of yield in the
catchment area
– deﬁning yields separately for light (pure sand) and
heavy soils
– accounting 70% of the organic fertilizer as plant-
available due to the fact that organic fertilizer in the re-
gion is composed mainly of manure
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Fig. 5. Groundwater vulnerability map of the Hase river catchment.
Following the discussion of the reference scenario, the stake-
holders selected a list of 14 groundwater protection measures
based on recognized measures from the voluntary agree-
ments in water protection areas and other cooperative ap-
proaches in Lower Saxony. Selection criteria were the costs,
acceptance, controllability and side effects of the measures.
Three of the 14 measures were selected to be modelled by
STOFFBILANZ until the next stakeholders’ meeting:
– transformation of ﬁeld into grassland
– optimized fertilization
– afforestation
For the following stakeholders’ meeting number 6, model
runs of the three measures and the revised reference scenario
were prepared. Before, the stakeholders’ suggestions were
validated against statistical information on yields and expert
judgments of plant-availability of manure. Concerning the
measures, STOFFBILANZ only estimates the ecological ef-
ﬁciency, socio-economic implications on farm level need to
be evaluated subsequently.
4.2 Provision of a common knowledge base to the stake-
holders
The result map of the revised reference scenario was pre-
sented in stakeholder meeting 6 whereas the validation
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against measurements on river gauging station was not yet
ﬁnished at that point in time. For the calculation it was in-
tended that the stakeholders should deﬁne areas suitable for
the implementation of certain measures. This objective could
not be met because the stakeholders had difﬁculties to al-
locate the measures. In exchange, each measure was com-
puted on 2500hectares (100grid cells), selected randomly
from the cells that were assigned high groundwater vulnera-
bility in the reference scenario. The calculation of measures
showed that the ecological efﬁciency varies widely. Trans-
formation of ﬁeld into grassland results in a mean value of
nitrogen reduction of 58kg/(ha*yr), optimised fertilisation
in 21kg/(ha*yr) and afforestation in 96kg/(ha*yr). On re-
gional scale, only rough estimations can be made of the costs
of measures. Costs were calculated on the basis of cost esti-
mates of the stakeholders for each of the measures, speciﬁed
as Euro per hectare. Combination of the costs and the eco-
logical efﬁciency as computed by the STOFFBILANZ model
indicated that the cost efﬁciency (Euro per kilogram nitrogen
reduction) also varies in a wide range (between 0.50 C/kgN-
reduction and 260 C/kgN-reduction). A sound evaluation
of the economic aspects can only be done using an agro-
economic model like e.g. RAUMIS to be able to consider
different farm types and production structures.
At meeting 6 it became clear that the 500×500m spatial
resolution of the model contrasted with the stakeholders’ de-
sire to have model results on a ﬁeld scale. Only few stake-
holders found the regional model results useful. In addition,
the stakeholders criticised the modelling of nitrogen loads
in seepage water despite modelling nitrate concentrations in
groundwater. The model’s way of including uncertainties
related to organic fertilizer was particularly criticised. One
stakeholder stated that by calculating numbers, the model
makes out it is accurate, whereas in reality it is inaccurate,
because it uses large-scale input data and imprecise equa-
tions. Even though some of the data came from the partner
with practical experience, they were not accepted. Further,
the stakeholders asked for validation of the model results,
and for an expert opinion on them. The proof most accepted
by the stakeholders turned out to be the validation of model
resultsagainstﬁeldmeasurements. Asaconsequenceoftheir
disbelief in the regional model results, the stakeholders de-
cided not to use them for their ﬁnal document.
5 Conclusions
Three kinds of study results need to be distinguished. First,
was stakeholder knowledge successfully integrated into the
STOFFBILANZ model? Second, did the stakeholders
beneﬁt from the model results? And third, was the evaluation
scheme suitable for identifying vulnerable areas according to
the WFD?
As described in the previous section, application of the
model in the participatory process led to a revised version
of the reference scenario. The revised scenario is considered
more speciﬁc as the ﬁrst version. Even though the informa-
tion given by the stakeholders in the case of the PartizipA
case study could also have been generated from other sources
(statistics, experts) and thus cannot be labelled as “unique”,
stakeholder participation gave valuable information for the
modelling process. On the other hand, stakeholder partici-
pation in the modelling process can increase model accep-
tance by stakeholders. This was not the case in the PartizipA
case study. Most of the problems the stakeholders had with
the model refer to the regional scale of the STOFFBILANZ
model. Therefore, it is expected that the application of a lo-
cal scale model in a participatory process is more rewarding
for the stakeholders. Besides the scale, also other aspects
inﬂuenced the success of model application in the participa-
tory process. They are referred to as the context of model
application1:
– resources at disposal
– motivation of the stakeholder group to use the model
results
– modelling purpose
– external factors
– intended utilisation level
– key stakeholder and
– method of visualisation
External factors inﬂuencing the modelling process have to
be discovered. That can be the requirements of the WFD, as
in the PartizipA case study, but also the scale on which in-
formation is supposed to be given. The intended utilisation
level of the model results should be clearly described. It can
range from a pure reception and cognition of the results to
an adoption in reality (Knott et al., 1980). The partner with
practical experience as a key stakeholder can support model
application e.g. by data provision. He represents the link be-
tween project organisers (e.g. a research institute) and local
stakeholders (e.g. farmers). Finally, the method of visualis-
ing the model results is important to communicate about the
model results. In the PartizipA case study, only few stake-
holders beneﬁted from model application in the participatory
process. Thus, it can be concluded, if stakeholder participa-
tion is the main objective of model application, local scale
models should be preferred to regional scale models to sup-
port the stakeholders’ local perspective.
The concept of vulnerability assessment was suitable for
the identiﬁcation of vulnerable areas on a regional scale.
1 Berkhoff, K.: Modelling to support the implementation of the
EC Water Framework Directive, in: Herrmann, S., Dabbert, S. and
Krimly, T.: Floodprotectionwithstakeholdersinsmallcatchments.,
in review, 2008.
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Groundwater vulnerability was computed with a spatial reso-
lution of 500×500m. The vulnerability assessment resulted
in the identiﬁcation of priority areas of groundwater vulnera-
bility, on which the planning of measures for the programme
of measures of the WFD should be concentrated. Groundwa-
ter protection measures will be particularly effective in the
north-eastern part of the catchment where groundwater vul-
nerability is mainly due to high nitrogen emissions. The ap-
plied models base on input data which are generally available
for larger areas. Thus, the approach is considered to be trans-
ferable also to other regions. In relation to the programme of
measures of the WFD the spatially explicit assessment of the
current groundwater status on catchment level presented in
this paper is only the ﬁrst of three steps. It is essential to do
the next steps subsequently. These are an in-depth analysis of
the current groundwater status in the identiﬁed priority areas
and the joint evaluation of the ecological and socio-economic
consequences of the measures on farm level.
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